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ORIGINAL ARTICLE
Morphology, taxonomy and mating-type 
loci in natural populations of Volvox carteri 
in Taiwan
Hisayoshi Nozaki1* , Noriko Ueki2, Mari Takusagawa3, Shota Yamashita1, Osami Misumi4, Ryo Matsuzaki5, 
Masanobu Kawachi5, Yin‑Ru Chiang6 and Jiunn‑Tzong Wu6
Abstract 
Background: Volvox carteri f. nagariensis is a model taxon that has been studied extensively at the cellular and 
molecular level. The most distinctive morphological attribute of V. carteri f. nagariensis within V. carteri is the produc‑
tion of sexual male spheroids with only a 1:1 ratio of somatic cells to sperm packets or androgonidia (sperm packet 
initials). However, the morphology of male spheroids of V. carteri f. nagariensis has been examined only in Japanese 
strains. In addition, V. carteri f. nagariensis has heterothallic sexuality; male and female sexes are determined by the 
sex‑determining chromosomal region or mating‑type locus composed of a > 1 Mbp linear chromosome. Fifteen sex‑
specific genes and many sex‑based divergent shared genes (gametologs) are present within this region. Thus far, such 
genes have not been identified in natural populations of this species.
Results: During a recent fieldwork in Taiwan, we encountered natural populations of V. carteri that had not previ‑
ously been recorded from Taiwan. In total, 33 strains of this species were established from water samples collected 
in Northern Taiwan. Based on sequences of the internal transcribed spacer 2 region of nuclear ribosomal DNA and 
the presence of asexual spheroids with up to 16 gonidia, the species was clearly identified as V. carteri f. nagariensis. 
However, the sexual male spheroids of the Taiwanese strains generally exhibited a 1:1 to > 50:1 ratio of somatic cells to 
androgonidia. We also investigated the presence or absence of several sex‑specific genes and the sex‑based divergent 
genes MAT3m, MAT3f and LEU1Sm. We did not identify recombination or deletion of such genes between the male 
and female mating‑type locus haplotypes in 32 of the 33 strains. In one putative female strain, the female‑specific 
gene HMG1f was not amplified by genomic polymerase chain reaction. When sexually induced, apparently normal 
female sexual spheroids developed in this strain.
Conclusions: Male spheroids are actually variable within V. carteri f. nagariensis. Therefore, the minimum ratio of 
somatic cells to androgonidia in male spheroids and the maximum number of gonidia in asexual spheroids may be 
diagnostic for V. carteri f. nagariensis. HMG1f may not be directly related to the formation of female spheroids in this 
taxon.
Keywords: Mating‑type locus, Morphology, Sexual reproduction, Taxonomy, Volvox, Volvox carteri, Volvox carteri f. 
nagariensis
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(http://creativecommons.org/licenses/by/4.0/), which permits unrestricted use, distribution, and reproduction in any medium, 
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Background
The genus Volvox represents the most complex mem-
ber of volvocine green algae, especially in terms of 
multicellularity and sex (Kirk 1998; Hiraide et  al. 2013). 
In recent years, Volvox carteri f. nagariensis has been 
studied extensively at the cellular and molecular level 
(e.g., Kirk et  al. 1999; Ferris et  al. 2010). Although this 
taxon or form was originally described based on a natu-
ral sample collected in Nagari, India (Iyengar 1933), most 
of the studied strains are Japanese strains of V. carteri f. 
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nagariensis such as Eve (Starr 1969; Kirk et al. 1999; Fer-
ris et al. 2010; Geng et al. 2014). Six forms are recognized 
within V. carteri, and the most distinctive morphological 
attribute for distinguishing V. carteri f. nagariensis from 
other forms within this species is the production of sex-
ual male spheroids with only a 1:1 ratio of somatic cells 
to sperm packets or androgonidia (sperm packet initials) 
(Nozaki 1988). However, this ratio has been examined 
only in Japanese strains (Starr 1969; Nozaki 1988; Geng 
et al. 2014) irrespective of the presence of Indian strains 
from Poona (Adams et al. 1990).
Volvox carteri f. nagariensis is an oogamous species 
that has heterothallic sexuality determined by the sex-
determining chromosomal region or mating-type locus 
where the presence of sex-specific genes (genes harbor-
ing in only one of the two sexes) and sex-based diver-
gent shared genes (gametologs; two homologous genes 
harboring in this regions of both of the two sexes) was 
recently demonstrated (Ferris et al. 2010). Sex in V. cart-
eri f. nagariensis is determined based on the presence or 
absence of such genes. However, sex identification in nat-
ural populations of this species has not previously been 
conducted by using molecular markers. Furthermore, the 
mating-type locus of V. carteri f. nagariensis is composed 
of a > 1 Mbp linear chromosome where recombination is 
suggested to be repressed (Ferris et  al. 2010). Although 
the mating-type locus or sex chromosomal region does 
not exhibit recombination in Chlamydomonas rein-
hardtii under the laboratory conditions, recombination 
and gene conversion of C. reinhardtii mating-type locus 
genes were demonstrated in natural populations of this 
species (De Hoff et al. 2013). However, recombination of 
the mating-type locus genes has not been examined in 
natural populations of V. carteri.
During a recent field survey of the freshwater green 
algae in Taiwan, we encountered natural populations of 
V. carteri, which have not previously been recorded in 
Taiwan (Yamagishi 1992). Based on the internal tran-
scribed spacer  2 region of nuclear ribosomal DNA 
(nuclear rDNA ITS-2), the populations were clearly 
identified as V. carteri f. nagariensis. This study was 
undertaken to reveal morphological details of V. carteri 
f. nagariensis originating from Taiwan and to examine 
presence or absence of several sex-specific and sex-based 
divergent genes in these natural populations of V. carteri 
f. nagariensis.
Methods
Table  1 shows the origins of the 33 Taiwanese strains 
used in the present study. Clones were established by the 
pipette-washing method (Pringsheim 1946). The cultures 
were maintained in screw-cap tubes (18  ×  150 mm) con-
taining 11  mL AF-6 or VTAC medium (Kawachi et  al. 
2013) at 25  °C with a 14:10  h light:dark (LD) schedule 
under cool-white fluorescent lamps at an intensity of 
80–130 μmol m−2 s−1. Several of these new wild strains 
are available from the Microbial Culture Collection at the 
National Institute for Environmental Studies (Kawachi 
et  al. 2013; http://mcc.nies.go.jp/index_en.html) as 
NIES-4205–4210 (Table  1). To observe the morphology 
of asexual spheroids, the cultures were grown in 11 mL 
VTAC medium in Petri dishes (10 × 60  mm) at 25  °C 
with a 14:10  h LD cycle. For comparison, we also used 
Eve [i.e., UTEX 1885, obtained from the Culture Collec-
tion of Algae at the University of Texas at Austin (UTEX, 
Table 1 List of Taiwanese strains of Volvox carteri f. nagariensis
Habitat/date [locality  
designation]
Longitude, latitude  
[temperature/pH]
Number of  
strains
Sex based on  
genomic PCR
Strains deposited in NIES-col-
lection and their DDBJ/EMBL/
GenBank accession numbers 
of nuclear rDNA ITS-2
Rice paddy/25 May 2016 [2] N 25°13′02.76′′, E 
121°36′22.44′′ [26.1 °C, pH 
6.7]
0 Male
1 Female 2016‑tw‑nuk‑Chg (= NIES‑4205), 
LC376031
Fallow rice paddy/9 Jun 2016 
[4]
N 25°13′51.27′′, E 
121°37′53.78′′ [36.2 °C, pH 
6.8]
4 Male
12 Female 2016‑0609‑v‑1 (= NIES‑4206), 
LC376032
Fallow rice paddy/10 Jun 
2016 [6]
N 25°00′52.51′′, E 
121°55′33.38′′ [29.7 °C, pH 
6.7]
14 Male 2016‑0610‑v‑11 (= NIES‑4207), 
LC376033; 2016‑tw‑nuk‑6‑1 
(= NIES‑4208), LC376034
0 Female
Rice paddy/10 Jun 2016 [8] N 25°01′09.82′′, E 
121°55′21.76′′ [29.0 °C, pH 
5.7]
1 Male 2016‑tw‑nuk‑8‑1 (= NIES‑4209), 
LC376035
1 Female 2016‑tw‑nuk‑8‑2 (= NIES‑4210), 
LC376036
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https://utex.org)], a typical female strain of V. carteri f. 
nagariensis (Ferris et al. 2010; Geng et al. 2014).
Morphological details of asexual and sexual spheroids 
were observed mainly in three strains, 2016-0609-v-1 
(female), 2016-tw-nuk-6-1 (male) and 2016-tw-nuk-8-1 
(male). To observe asexual spheroids and reproduc-
tion, we examined small aliquots of asexual spheroids, in 
actively grown 2- to 5-day-old cultures in the Petri dishes 
(10 × 60  mm). Sexual male spheroids developed spon-
taneously in a culture of male strains grown in VTAC 
medium at 20 °C. To induce sexual spheroids, 0.1–0.2 mL 
of the sexual inducer (supernatant of the male culture 
after the formation of sperm packets) and ca. 0.5 mL of 
an actively growing female or male strain were added 
to 11  mL of fresh VTAC medium in a tube and placed 
at 25 °C with a 14:10 h LD cycle. After 2–4 days, sexual 
spheroids developed. To observe zygotes, sexual male 
and female spheroids induced in tubes (each 11 mL) were 
mixed with fresh VTAC medium (11 mL) in Petri dishes 
(20 × 150 mm) that were placed at 25  °C with a 14:10 h 
LD cycle.
Light microscopy was carried out using a BX60 micro-
scope (Olympus, Tokyo, Japan) equipped with Nomarski 
optics. The cells in spheroids were counted as previously 
described (Nozaki 1988). Individual cellular sheaths of 
the gelatinous matrix of the spheroids were examined 
after mixing approximately 10 µL cultured material with 
2–5 µL of 0.002% (w/v in distilled water) methylene blue 
(1B-429 WALDECK GmbH & Co Division Chroma, 
Münster, Germany).
Extraction of total DNA and sequencing of nuclear 
rDNA ITS-2 were performed as previously described 
(Nozaki et  al. 2000, 2006; Hayama et  al. 2010). Nuclear 
rDNA ITS-2 sequences of the Taiwanese strains (Table 1) 
and a Chinese strain “Wang (Shenzhen)” (DDBJ/EMBL/
GenBank Accession Number HG422808) and the 
sequences aligned with the data set in Kawafune et  al. 
(2015) were used for phylogenetic analyses. The align-
ment of the whole data matrix was refined as described by 
Kawafune et  al. (2015). Since the ITS-2 sequences from 
all of the 33 Taiwanese strains were identical to those of 
strains Eve and NIES-397 of V. carteri f. nagariensis, these 
35 strains were treated as a single operational taxonomic 
unit (OTU). The alignment of 10 OTUs of V. carteri and 
V. obversus (Additional file  1: Figure S1) was subjected 
to the maximum-likelihood (ML) analysis, based on the 
selected model (T92 + G) with 1000 bootstrap replicates 
(Felsenstein 1985) using MEGA7 (Kumar et  al. 2016). 
In addition, 1000 bootstrap replicates were performed 
using the maximum-parsimony (MP) method, based on 
a branch-and-bound search by PAUP 4.0b10 (Swofford 
2002). V. obversus was treated as the outgroup because it 
is sister to V. carteri (Kawafune et al. 2015; Nozaki et al. 
2015).
We performed genomic polymerase chain reaction 
(PCR) using the primers listed in Table  2 to check the 
presence or absence of several sex-specific genes and the 
sex-based divergent genes MAT3m, MAT3f and LEU1Sm 
(Ferris et  al. 2010) in the 33 Taiwanese strains and Eve. 
PCR was carried out using KOD FX Neo DNA polymer-
ase (TOYOBO, Osaka, Japan) according to the manufac-
turer’s instructions.
Results
Morphology
Asexual spheroids of Taiwanese strains were ovoid or 
spherical in shape and measured up to 920 μm long; each 
spheroid contained 1400–3000 somatic cells embedded 
within the periphery of the gelatinous matrix and large 
reproductive cells or gonidia in the posterior two-thirds 
(Fig.  1a, b). Each somatic cell was nearly spherical or 
ovoid in shape, up to 10 μm in diameter, and enclosed by 
a rectangular to hexagonal space formed by individual 
sheaths of gelatinous matrix (Fig. 1c, d). The cells lacked 
adjoining cytoplasmic bridges (Fig.  1c), and exhibited 
cup-shaped chloroplasts with a single stigma and a basal 
pyrenoid. The spheroid exhibited a gradual decrease in 
stigma size from the anterior to posterior pole. Gonidia 
were spherical in shape and had large vacuoles, measur-
ing up to 92 μm in diameter (Fig. 1e). There were up to 16 
gonidia per spheroid (Fig. 1a, b).
Asexual reproduction occurred as previously described 
(Starr 1969; Nozaki 1988). Successive divisions of each 
gonidium resulted in formation of a plakea. Gonidia 
of the next generation were evident outside the plakea 
because of the unequal cytokinesis (Fig. 1f, g). The plakea 
then inverted to form a compact, spheroidal daughter 
spheroid.
Sexual male spheroids were ellipsoidal or ovoid and 
128- or 256-celled, containing biflagellate somatic cells 
and androgonidia that developed into sperm packets 
(Fig. 2a–d). The number of androgonidia or sperm pack-
ets in male spheroids varied even within the same cul-
ture. The ratio of somatic cells to androgonidia (sperm 
packets) in male spheroids was generally 4–12:1 (Fig. 2a, 
b). However, male spheroids sometimes exhibited a 
> 50:1 ratio (Fig. 2c) or approximately 1:1 ratio (Fig. 2d) 
of somatic cells to androgonidia. Female spheroids were 
ellipsoidal or ovoid in shape, and contained 1000–2000 
biflagellate somatic cells and 22–28 eggs (Fig.  2e). The 
zygotes developed within the female spheroid after possi-
ble fertilization (Fig. 2f ). The mature zygotes had a reticu-
late cell wall and were reddish brown in color, measuring 
34–40 μm in diameter (Fig. 2g).
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Morphology of asexual and sexual spheroids in the pre-
sent Taiwanese strains was essentially consistent with 
that of the Japanese strains of V. carteri f. nagariensis 
except for male spheroids (Starr 1969; Nozaki 1988). The 
Japanese strains produce male spheroids with only a 1:1 
ratio of somatic cells to androgonidia (Starr 1969; Nozaki 
1988). In contrast, male spheroids of the present Taiwan-
ese strains exhibited variability in the ratios (Fig. 2).
Molecular phylogeny of nuclear rDNA ITS-2
All 33 strains from Taiwan had the same nuclear rDNA 
ITS-2 sequences, which were also identical to the V. 
carteri f. nagariensis strain Eve (UTEX 1885). The phy-
logenetic analysis clearly demonstrated that the Taiwan-
ese strains belonged to the V. carteri f. nagariensis clade 
(Fig. 3).
Genomic PCR of 33 strains from Taiwan
We screened the 33 Taiwanese strains for the presence or 
absence of five female-specific genes, two male-specific 
genes, the female and male types of the sex-based diver-
gent gene MAT3, and the male type of LEU1S (Ferris 
et al. 2010) (Tables 1, 2).
Thirty-two of the Taiwanese strains and Eve could be 
clearly subdivided into female and male types (Table 1). 
The female type was composed of 13 Taiwanese strains 
and Eve, which shared the presence of five female-spe-
cific genes and MAT3f and the absence of two male-
specific genes and male types of two sex-based divergent 
genes  (MAT3m and LEU1Sm) (Table  1, Fig.  4; Ferris 
et al. 2010). Nineteen other strains belonged to the male 
type, based on the presence of two male-specific genes, 
MAT3m and LEU1Sm and the absence of  five female-
specific genes and MAT3f (Table  1, Fig.  4; Ferris et  al. 
2010). Thus, there seemed to be no recombination or 
deletion of such genes between male and female mating-
type locus haplotypes in 32 of the 33 Taiwanese strains. 
However, in the remaining strain (2016-tw-nuk-8-2), one 
female-specific gene (HMG1f) was not amplified whereas 
this strain contained four other female-specific genes and 
MAT3f and showed no amplifications of all four of the 
male genes examined (Fig.  4). Thus, this strain seemed 
to be a female strain without amplification of HMG1f  in 
genomic PCR.
Table 2 Primer sequences and product sizes of sex-specific genes, sex-based divergent genes MAT3 and LEU1S (Fig. 4b), 
and ACTIN gene
a  Reverse primer
b  Determined in the present study
Gene name [Accession number] Primer name Primer sequence (5′ to 3′) Product size (bp)
MID1m [GU784916] MID1‑F1 GCTGAAGGAGTGTATCGACGCATT 287
MID1‑R1a GCTGCCTGCAAATTCGCTTAAGGT
HMG1f [GU784915] HMG1‑1F GACTGCTCACCTATCAGTTGGTCA 326
HMG1‑1Ra TTGCCACCTCGTATGCATCGAAGT
MAT3f [GU784915] MAT3f‑F AATCGCATGCAGCGCGCACTTTCT 404
MAT3f‑Ra TCAGCTGCCAGGCTGGCAGTTATG
MAT3m [GU784916] MAT3 m‑F GTGCGCATGCAACGTGCGCTTGAC 401
MAT3 m‑Ra TCAGCTGCAAGGTTAGCCGTCCTC
FSI1f [GU784915] FSI‑1‑F ATGCAGCGGATTGAGATGGCCTTC 428
FSI‑1‑Ra ATCACCTCTGTACAGGTCGCCTCC
MTM0946 [GU784916] MTM‑946‑F GCCAACCAACCCGTTCCCAGCATA 420
MTM‑946‑Ra GCCCTGGACGACTCTAGGGGTCTT
MTF0821 [GU784915] MTF‑0821‑F GTCGGGCTCATCAGTAAAAGCTGG 358
MTF‑0821‑Ra GTTCGCCAAGGAACCGAGCTTAAC
LEU1Sm [GU784916] LEU1Sm‑F ATGCAGTTTCAGGTCCTAAGGGCT 451
LEU1Sm‑Ra CACGTACAGAGTTTCCAAGCCGCT
MTF0991 [GU784915] MTF0991‑1F ATGAACACATGCCCATCCTGGTGC 396
MTF0991‑1Ra TCAAGGCGCTGCATCGCTGCTACT
MTF2030 [GU784915] MTF2030‑1F ATGGCAAACGCAGACCCTGGTACA 464
MTF2030‑2Ra CCCTTGCGCCTGCCAGCAGACCCA
ACTIN [XM_002955490] VxCnAct‑F2 GAAGCTCTGCTATGTGGCGCTGGA 410b
VxCnAct‑R3a ATGGTCGTTCCACCAGAGAGCACG
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Fig. 1 Light microscopy of asexual spheroids in Taiwanese strains of Volvox carteri f. nagariensis. a Surface view of a spheroid showing undivided 
gonidia (G). 2016‑tw‑nuk‑6‑1. b Optical section of a spheroid in (a) with gonidia (G). c Surface view of spheroid. Note no cytoplasmic bridges 
between somatic cells. 2016‑tw‑nuk‑6‑1. d Surface view of spheroid showing individual sheaths of the gelatinous matrix. Stained with methylene 
blue. 2016‑tw‑nuk‑8‑1. e Optical section of gonidium. 2016‑tw‑nuk‑6‑1. f, g Pre‑inversion plakea or embryo (E) showing gonidia (G) of the next 
generation outside. 2016‑tw‑nuk‑8‑1
Fig. 2 Light microscopy of sexual reproduction in Taiwanese strains of Volvox carteri f. nagariensis. 2016‑tw‑nuk‑6‑1 (male) and 2016‑0609‑v‑1 
(female). a Male spheroids (m) developing within parental spheroid. b–d Various ratios of somatic cells to sperm packets (S) in male spheroids. Note 
4–12:1 ratio in (a and b), > 50:1 ratio in (c), and 1:1 ratio in (d). e Female spheroids with eggs (E). f Mature zygotes (Z) in female spheroid. g Optical 
section of mature zygote with reticulate wall
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Asexual spheroids and sexual induction of the 
HMG1f-lacking putative female strain
Asexual spheroids of the HMG1-lacking strain (2016-tw-
nuk-8-2) were essentially the same as those of other Tai-
wanese strains, with up to 16 gonidia that developed into 
daughter spheroids via successive divisions and inver-
sion (Fig.  5a–c). When sexually induced, apparently 
normal female sexual spheroids developed in this strain. 
The number of eggs produced was generally 20 or more 
(Fig. 5d). No morphological differences were recognized 
between these female spheroids and the female sphe-
roids of other female stains. Attempts to cross 2016-tw-
nuk-8-2 with male Taiwanese strains were unsuccessful, 
because the male Taiwanese strains suddenly lost their 
ability to form male spheroids during the study (from 
April to June 2017).
Discussion
Nozaki (1988) recognized six forms within V. carteri, 
and characterized V. carteri f. nagariensis as having male 
spheroids with only a 1:1 ratio of somatic cells to andro-
gonidia (sperm packets). However, this ratio was based 
on observations of only Japanese strains studied by Starr 
(1969), and subsequent studies have also used only these 
strains and/or their progenies (e.g., Kirk et al. 1999; Fer-
ris et  al. 2010). Based on the ITS-2 phylogeny, the pre-
sent Taiwanese strains are clearly identified as V. carteri 
f. nagariensis because these have the exactly the same 
ITS-2 sequence as that of the Japanese strains (Fig.  3). 
However, the male spheroids of the Taiwanese strains 
exhibited a 1:1 to > 50:1 ratio of somatic cells to andro-
gonidia (Fig.  2). Thus, the morphology of male sphe-
roids is actually variable within V. carteri f. nagariensis. 
On the other hand, V. carteri f. nagariensis is similar to 
V. carteri f. kawasakiensis with respect to the produc-
tion of 16 or more gonidia in asexual spheroids. However, 
the minimum ratio of somatic cells to androgonidia dif-
fers between these two forms. The minimum ratio in V. 
carteri f. nagariensis is 1:1, whereas that of V. carteri f. 
kawasakiensis is 0:1. Thus, V. carteri f. nagariensis can be 
distinguished from other forms within V. carteri in pro-
ducing asexual spheroids with 16 or more gonidia and 
lacking male spheroids without somatic cells.
Fig. 3 Phylogenetic positions of 33 Taiwanese strains within three 
forms of Volvox carteri. The tree was based on the maximum likeli‑
hood (ML) analysis of the data matrix of Kawafune et al. (2015) plus a 
Chinese strain “Wang (Shenzhen)” (Additional file 1: Figure S1). Num‑
bers at left and right above the branches represent bootstrap values 
(50% or more) of ML and maximum parsimony analyses, respectively, 
based on 1000 replicates. The branch lengths are proportional to the 
evolutionary distances used in the ML analysis and indicated by bar 
above the tree. For details, see “Methods”
Fig. 4 Mating‑type locus (MT) genes of Volvox carteri f. nagariensis. 
a Results of genomic PCR of five Taiwanese strains (lanes 1–4 and 6) 
and Eve (UTEX 1885) (lane 5) using primers listed in Table 2. Numbers 
within the parentheses just right to the gene designations represent 
expected lengths of the PCR products. Lane 1: 2016‑tw‑nuk‑6‑1. Lane 
2: 2016‑0609‑v‑1. Lane 3: 2016‑0610‑v‑11. Lane 4: 2016‑tw‑nuk‑Chg. 
Lane 6: 2016‑tw‑nuk‑8‑2. Note that both male genes and HMG1f were 
not amplified in 2016‑tw‑nuk‑8‑2. b Diagram showing positions of 
sex‑specific and sex‑based divergent genes in the mating‑type locus 
analyzed by genomic PCR in (a). Based on Ferris et al. (2010)
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HMG1f is one of five female-specific genes of V. cart-
eri f. nagariensis (Ferris et al. 2010), and encodes a puta-
tive HMG-box DNA binding protein (Umen 2011). In 
Opisthokonta (Metazoa and Fungi), sex determination 
involves HMG-box domain proteins (Waters et al. 2007; 
Idnurm et al. 2008). However, it has been suggested that 
the female-specific gene HMG1f is a possible negative 
regulator of sexual function in females because its tran-
scription is downregulated in the sexual phase (Umen 
2011). The present genomic PCR analyses resolved a pos-
sible female strain of V. carteri f. nagariensis (2016-tw-
nuk-8-2) that did not exhibit amplification of HMG1f 
(Fig.  4;  Additional file  1: Figures S2, S3). This strain 
exhibited normal asexual and female spheroids that could 
not be distinguished from those of other female strains 
(Fig. 5). Thus, HMG1f may not contribute to the forma-
tion of sexual female spheroids. Further analyses of this 
strain with sexually active males and other females of V. 
carteri f. nagariensis are needed to determine the func-
tion of HMG1f. However, we cannot completely rule out 
the alternative explanation of polymorphisms in HMG1f 
that precluded amplification. Thus, further analyses are 
needed for evidencing the complete absence of HMG1f in 
this interesting strain.
Conclusions
Given that the Japanese and Taiwanese populations 
of V. carteri f. nagariensis grow in two geographically 
separated regions (temperate and subtropical, respec-
tively), they can be presumed to be independent lineages 
derived from a common ancestor. However, the present 
genomic analyses of 33 Taiwanese strains could not dem-
onstrate the existence of recombination within the > 1 
Mbp mating-type locus. This is consistent with previ-
ous suggestions that recombination is suppressed within 
the mating-type locus (Ferris et al. 2010). This may indi-
cate that the > 1 Mbp mating-type locus in V. carteri f. 
nagariensis is biologically important. Alternatively, such 
an expanded mating-type locus may result from only pas-
sive accumulation of mutations in the duplicated (male 
and female) genome regions that are divergent enough to 
inhibit gene conversion (Teshima and Innan 2004). Fur-
ther studies are needed to resolve this problem, especially 
in other forms of V. carteri (Fig. 3).
Abbreviations
LD: light:dark; nuclear rDNA ITS2: internal transcribed spacer 2 region of 
nuclear ribosomal DNA; OTU: operational taxonomic unit; PCR: polymerase 
chain reaction.
Authors’ contributions
HN, OM and JTW conceived the study, participated in its design and coordina‑
tion. NU, MT, SY, RM, MK and YRC collected, analyzed, and interpreted the data. 
HN wrote the manuscript. All authors read and approved the final manuscript.
Author details
1 Department of Biological Sciences, Graduate School of Science, University 
of Tokyo, Hongo, Bunkyo‑ku, Tokyo 113‑0033, Japan. 2 Department of Biol‑
ogy, Brooklyn College, City University of New York, Brooklyn, NY 11210, 
USA. 3 Department of Botany, Graduate School of Science, Kyoto Univer‑
sity, Sakyo‑ku, Kyoto 606‑8502, Japan. 4 Department of Biological Science 
and Chemistry, Faculty of Science, Graduate School of Medicine, Yamaguchi 
University, Yoshida, Yamaguchi 753‑8512, Japan. 5 Center for Environmental 
Biology and Ecosystem Studies, National Institute for Environmental Studies, 
Additional file
Additional file 1: Figure S1. Alignment of nuclear rDNA ITS‑2 sequences 
used for construction of the phylogenetic tree (Fig. 3). Figure S2. Results 
of genomic PCR of three strains using three pairs of HMG1f primers 
(Table 2 and Additional file 1: Figure S3). Numbers below primer pairs 
represent expected sizes of the PCR products. Lanes 1, 4 and 7: Eve (UTEX 
1885). Lanes 2, 5 and 8: 2016‑tw‑nuk‑8‑2. Lanes 3, 6 and 9: 2016‑0609‑
v‑1. Figure S3. Primer positions of six HMG1f primers used in Fig. 3 and 
Additional file 1: Figure S1.
Fig. 5 Light microscopy of a putative female strain (2016‑tw‑nuk‑8‑2) with no amplification of HMG1f in genomic PCR (see Fig. 3 and Additional 
file 1: Figure S2). a Asexual spheroid with 16 gonidia (G). b Surface view of asexual spheroid showing no cytoplasmic bridges between cells. c Opti‑
cal section of gonidium in asexual spheroid. d Female spheroid with eggs (E)
Page 8 of 8Nozaki et al. Bot Stud  (2018) 59:10 
Onogawa, Tsukuba, Ibaraki 305‑8506, Japan. 6 Biodiversity Research Center, 
Academia Sinica, Nankang, Taipei 11529, Taiwan. 
Acknowledgements
We thank Dr. Chao‑Jen Shih and Lai‑Chu Kow at Biodiversity Research Center, 
Academia Sinica, Taiwan, for their help with field collection.
Competing interests
The authors declare that they have no competing interests.
Availability of data and materials
The dataset supporting the conclusions of this article is included within the 
article.
Consent for publication
Not applicable.
Ethics approval and consent to participate
Not applicable.
Funding
This work was supported by Grants‑in‑Aid for Scientific Research (Nos. 
25304012 and 16H02518 to HN) from MEXT/JSPS KAKENHI.
Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub‑
lished maps and institutional affiliations.
Received: 1 February 2018   Accepted: 29 March 2018
References
Adams CR, Stamer KA, Miller JK, McNally JG, Kirk MM, Kirk DL (1990) Patterns 
of organellar and nuclear inheritance among progeny of two geographi‑
cally isolated strains of Volvox carteri. Curr Genet 18:141–153
De Hoff PL, Ferris P, Olson BJSC, Miyagi A, Geng S, Umen JG (2013) Species 
and population level molecular profiling reveals cryptic recombination 
and emergent asymmetry in the dimorphic mating locus of C. reinhardtii. 
PLoS Genet 9:e1003724. https://doi.org/10.1371/journal.pgen.100372
Felsenstein J (1985) Confidence limits on phylogenies: an approach 
using the bootstrap. Evolution 39:783–791. https://doi.
org/10.1111/j.1558‑5646.1985.tb00420.x
Ferris P, Olson BJ, De Hoff PL, Douglass S, Casero D, Prochnik S, Geng S, Rai R, 
Grimwood J, Schmutz J, Nishii I, Hamaji T, Nozaki H, Pellegrini M, Umen JG 
(2010) Evolution of an expanded sex determining locus in Volvox. Science 
328:351–354. https://doi.org/10.1126/science.1186222
Geng S, De Hoff P, Umen JG (2014) Evolution of sexes from an ancestral 
mating‑type specification pathway. PLoS Biol 12:e1001904. https://doi.
org/10.1371/journal.pbio.1001904
Hayama M, Nakada T, Hamaji T, Nozaki H (2010) Morphology, molecular 
phylogeny and taxonomy of Gonium maiaprilis sp. nov. (Goniaceae, Chlo‑
rophyta) from Japan. Phycologia 49:221–234. https://doi.org/10.2216/
PH09‑56.1
Hiraide R, Kawai‑Toyooka H, Hamaji T, Matsuzaki R, Kawafune K, Abe J, Seki‑
moto H, Umen J, Nozaki H (2013) The evolution of male–female sexual 
dimorphism predates the sex‑based divergence of the mating locus 
gene MAT3/RB. Mol Biol Evol 30:1038–1040. https://doi.org/10.1093/
molbev/mst018
Idnurm A, Walton FJ, Floyd A, Heitman J (2008) Identification of the sex genes 
in an early diverged fungus. Nature 451:193–196. https://doi.org/10.1038/
nature06453
Iyengar MOP (1933) Contribution to our knowledge of the colonial 
Volvocales of South India. J Linn Soc Bot 49:323–373. https://doi.
org/10.1111/j.1095‑8339.1933.tb00391.x
Kawachi M, Ishimoto M, Mori F, Yumoto K, Sato M, Noël M‑H (2013) MCC‑NIES 
list of strains, 9th Edition, microbial culture collection at National Institute 
for Environmental Studies, Tsukuba, Japan. http://mcc.nies.go.jp/down‑
load/list9th_e.pdf. Accessed 9 Jan 2018
Kawafune K, Hongoh Y, Hamaji T, Sakamoto T, Kurata T, Hirooka S, Miyagishima 
S, Nozaki H (2015) Two different rickettsial bacteria invading Volvox carteri. 
PLoS ONE 10:e0116192. https://doi.org/10.1371/journal.pone.0116192
Kirk DL (1998) Volvox: molecular genetic origins of multicellularity and cellular 
differentiation. Cambridge University Press, Cambridge
Kirk MM, Stark K, Miller SM, Müller W, Taillon BE, Gruber H, Schmitt R, Kirk DL 
(1999) regA, a Volvox gene that plays a central role in germ‑soma differen‑
tiation, encodes a novel regulatory protein. Development 126:639–647
Kumar S, Stecher G, Tamura K (2016) MEGA7: molecular evolutionary genetics 
analysis version 7.0 for bigger datasets. Mol Biol Evol 30:2725–2729. 
https://doi.org/10.1093/molbev/msw054
Nozaki H (1988) Morphology, sexual reproduction and taxonomy of Volvox 
carteri f. kawasakiensis f. nov. (Chlorophyta) from Japan. Phycologia 
27:209–220. https://doi.org/10.2216/i0031‑8884‑27‑2‑209.1
Nozaki H, Misawa K, Kajita T, Kato M, Nohara S, Watanabe MM (2000) Origin 
and evolution of the colonial Volvocales (Chlorophyceae) as inferred from 
multiple, chloroplast gene sequences. Mol Phylogenet Evol 17:256–268. 
https://doi.org/10.1006/mpev.2000.0831
Nozaki H, Ott FD, Coleman AW (2006) Morphology, molecular phylogeny and 
taxonomy of two new species of Pleodorina (Volvoceae, Chlorophyceae). 
J Phycol 42:1072–1080. https://doi.org/10.1111/j.1529‑8817.2006.00255.x
Nozaki H, Matsuzaki R, Yamamoto K, Kawachi M, Takahashi F (2015) Delineat‑
ing a new heterothallic species of Volvox (Volvocaceae, Chlorophyceae) 
using new strains of “Volvox africanus”. PLoS ONE 10:e0142632. https://doi.
org/10.1371/journal.pone.0142632
Pringsheim EG (1946) Pure cultures of algae. Cambridge University Press, 
London
Starr RC (1969) Structure, reproduction and differentiation in Volvox carteri f. 
nagariensis Iyengar, strains HK9 & 10. Arch Protistenkd 111:204–222
Swofford DL (2002) PAUP*: phylogenetic analysis using parsimony (* and other 
methods), version 40b10. Sinauer, Sunderland
Teshima KM, Innan H (2004) The effect of gene conversion on the divergence 
between duplicated genes. Genetics 166:1553–1560
Umen JG (2011) Evolution of sex and mating loci: an expanded view from Vol‑
vocine algae. Curr Opin Microbiol 14:634–641. https://doi.org/10.1016/j.
mib.2011.10.005
Waters PD, Wallis MC, Marshall Graves JA (2007) Mammalian sex—origin and 
evolution of the Y chromosome and SRY. Semin Cell Dev Biol 18:389–400. 
https://doi.org/10.1016/j.semcdb.2007.02.007
Yamagishi T (1992) Plankton algae in Taiwan (Formosa). Uchida Rokakuho, 
Tokyo
